The competing oxide and sub-oxide formation in metal-oxide molecular beam epitaxy The hetero-epitaxial growth of the n-type semiconducting oxides b-Ga 2 O 3 , In 2 O 3 , and SnO 2 on cand r-plane sapphire was performed by plasma-assisted molecular beam epitaxy. The growth-rate and desorbing flux from the substrate were measured in-situ under various oxygen to metal ratios by laser reflectometry and quadrupole mass spectrometry, respectively. These measurements clarified the role of volatile sub-oxide formation (Ga 2 O, In 2 O, and SnO) during growth, the sub-oxide stoichiometry, and the efficiency of oxide formation for the three oxides. As a result, the formation of the sub-oxides decreased the growth-rate under metal-rich growth conditions and resulted in etching of the oxide film by supplying only metal flux. The flux ratio for the exclusive formation of the sub-oxide (e.g., the p-type semiconductor SnO) was determined, and the efficiency of oxide formation was found to be the highest for SnO 2 , somewhat lower for In 2 O 3 , and the lowest for Ga 2 O 3 . Our findings can be generalized to further oxides that possess related sub-oxides. Oxides are an important class of materials with a variety of technologically relevant properties, e.g., being dielectric, highly conductive, piezo-electric, ferroelectric, or ferromagnetic. Within the last decade, transparent semiconducting oxides like gallium-oxide (Ga 2 O 3 ), indium-oxide (In 2 O 3 ), and tin-dioxide (SnO 2 ) have been re-discovered as wideband gap semiconductors for applications such as transparent electronics, power transistors, or UV sensors.
1 Typically, requiring a high degree of purity and crystallinity, these applications can greatly benefit from epitaxial oxide thin film (hetero-)structures, for which molecular beam epitaxy (MBE) is a well suited synthesis method.
During MBE growth, fluxes of atomic metals (e.g., Ga, In, and Sn) and oxygen react amongst others to oxides (e.g., Ga 2 O 3 , In 2 O 3 , and SnO 2 ) on a heated, single crystalline substrate under ultra-high vacuum conditions. In most cases, molecular oxygen is not reactive enough and has to be "activated" by a plasma source 2-5 or by using ozone instead. 6 Oxides are typically grown under oxygen-rich conditions, i.e., by providing more activated oxygen than incorporated during growth and at a growth-rate that is consequently limited by the impinging metal flux. As an example, Fig. 1 (a) represents this situation schematically, for the growth of Ga 2 O 3 , with the metal flux typically being completely incorporated into the film (sticking coefficient of unity). However, the reciprocal metal-rich growth conditions are known to be beneficial for the improved structural properties for other semiconductors, e.g., of GaN 7 or In 2 O 3 (001) 8 films and to suppress the formation of compensating acceptor point defects (oxygen interstitials or metal vacancies) 9 in n-type semiconducting oxides such as ZnO or In 2 O 3 . In the cases of GaN 7 and ZnO, 10 the growth-rate in the metal-rich regime is limited by the nitrogen and oxygen flux, respectively, and is almost independent of the metal flux as excess metal desorbs off the substrate or accumulates in droplets. During the metal-rich growth of some oxides, however, excess metal can also desorb as volatile sub-oxide, consuming part of the provided oxygen flux thereby reducing the growth-rate with increasing metal flux. 11, 12 This scenario is represented schematically in Fig. 1(b) for the Ga 2 O 3 growth. The same can be applied for In 2 O 3 and SnO 2 , respectively, with the corresponding metal to oxygen stoichiometry of these compounds. If the metal flux is provided in the absence of oxygen, even an etching scenario is conceivable, as schematically shown in Fig. 1 rare-earth oxides, 17, 18 or during pulsed laser ablation of oxides (e.g., SnO 2 (Ref. 19 
)).
A decreasing growth-rate in the metal-rich regime by the mechanism shown in Fig. 1 (b) has already been observed for SnO 2 grown hetero-epitaxially on TiO 2 and r-plane Al 2 O 3 , 2,3,11 and for the homo-epitaxial growth of Ga 2 O 3 (100). 11 In contrast, a systematic investigation of homoepitaxial growth of b-Ga 2 O 3 (010) 4 could not evidence any decrease in the growth-rates even under severely galliumrich conditions, highlighting the influence of the surface stability against sub-oxide formation on the growth-kinetics. The hetero-epitaxial growth of b-Ga 2 O 3 on c-plane sapphire has also been reported without indication of decreasing growth-rate but only in the slightly Ga-rich regime. 5 For In 2 O 3 (001), the growth-rate in the oxygen-rich and In-rich regime on ZrO 2 :Y (YSZ) has been carried out without allowing to conclude on growth-rate trends in the In-rich regime. 8 Etching of different oxides by a Ga metal flux, as indicated in Fig. 1(c) , has been qualitatively observed and exploited for the removal of surface oxides from Si, 20 SiC, 21 and GaAs 22 substrates. In this paper, the formation of oxides and volatile suboxides is systematically studied under the non-equilibrium conditions during hetero-epitaxial MBE growth of b-Ga 2 O 3 , In 2 O 3 , and SnO 2 on c-and r-plane sapphire by monitoring insitu the growth-, etch-rate, and desorbing flux from the substrate. For all these oxides, sub-oxide formation and desorption were found to reduce the growth-rate under metal-rich growth conditions, and to result in etching of the oxide film under metal flux. The stoichiometry and the conditions for the exclusive formation of the sub-oxides and the efficiency of oxide formation were determined for the three metals.
Single-crystalline b-Ga 2 O 3 ( 201) and In 2 O 3 (111) thin films were grown on c-plane sapphire (Al 2 O 3 (00.1)), while SnO 2 (101) thin films were deposited on r-plane sapphire (Al 2 O 3 (10.2)) in a custom made MBE system. Single-side polished 1/4 of 2 in. c-and r-plane sapphire substrates were used in this study. The rough back-side of the substrate was sputter-coated with titanium to improve substrate heating. During growth, the substrate temperatures were measured with a pyrometer. Standard shuttered hot-lip effusion cells were used to evaporate liquid Ga, In, and Sn (7N purity). A radio frequency plasma source (SPECS, PCF-RF-AN) with a mass flow controller supplied activated oxygen (monoatomic oxygen, ozone, or excited molecules) from research-grade O 2 gas (6N purity). The beam equivalent pressure (BEP), which is proportional to the particle flux, was measured by a nude filament ion gauge positioned at the substrate location and then removed prior to growth. The power of the plasma source (P rf ) was maintained at 300 W for the Ga 2 O 3 and SnO 2 growth and at 200 W for the In 2 O 3 growth. The BEPs are given in units of Torr and are converted into a particle flux (atoms Å -2 s -1 ) by classical kinetic gas theory. Dividing the particle flux, by the oxygen densities per unit-cell volume of each oxide, results in an equivalent oxygen-rate in units of Å s 
-rate studies, the effusion cell temperatures were systematically changed. For each metal, the BEPs were converted into a rate using the experimentally found ratio between the BEP in units of Torr and the measured growthrate in units of Å s -1 in the metal-limited growth regime, where the metal sticking coefficient was found to be unity. The Ga-flux (U Ga ) ranged from 1:5ð1 0:4Þ to 15 Â 10 À7 Torrð1 4Ås À1 Þ. The In-(U In ) and Sn-flux (U Sn ) ranged from 5ð1 0:95Þ to 25 Â10 À7 Torrð1 4:1Ås À1 Þ and from 0:15ð1 0Þ to 15Â10 À7 Torrð1 5:3Ås À1 Þ, respectively. The growth-and etch-rates were measured in-situ by laserreflectometry (LR). 23, 24 Figure 2 presents the variation of the laser intensity during the deposition and subsequent etching of the oxides. Two oscillations are observed, one for growing and one for etching afterwards. The discontinuity in the phase at the transition of growth to etching indicates a reduction of the film thickness. From the oscillatory period, t period , we could extract the growth-and etch-rates. In order to verify the growth-rates determined in-situ, we measured the thickness of the layers ex-situ by cross-sectional scanning electron microscopy (SEM). With that method, we proved the reliability of our in-situ growth-and etch-rates. The metal and suboxide flux desorbing from the substrate were also measured in-situ by a line-of-sight quadrupole mass spectrometer (QMS). 25 Figure 3 shows desorbing flux of Ga, and the suboxides GaO and Ga 2 O during etching, oxygen-rich, and gallium-rich growth of the Ga 2 O 3 film at a fixed Ga-flux.
The crystallinity of the oxide films was verified by a spotty reflection high energy electron diffraction (RHEED) pattern during growth (corresponding to transmission diffraction of the electron beam through the apex of the facetted film surface) and by post-growth x-ray diffraction (XRD) 2H-x wide-range scans (not shown). The growth-and etch-rate diagrams of Ga 2 O 3 , In 2 O 3 , and SnO 2 measured by LR are shown in Fig. 4 . Here, the growth-and etch-rates are plotted as a function of the metal fluxes at fixed oxygen flux. Two distinct regimes are evidenced, the oxygen-and metal-rich regimes. In the oxygenrich regime (metal-limited growth), U Ga;In;Sn À U active O < 0, all oxides show a proportional increase of the growth-rates by increasing the metal flux. Here, the metal flux supplied did not result in any appreciable desorbed metal or sub-oxide flux measured by QMS (cf. Fig. 3 ). These results confirm full incorporation of the metal into the oxide film corresponding to a metal sticking coefficient of unity in the oxygen-rich regime. The proportional increase of the growth-rate with metal flux reaches a maximum at the stoichiometric point (SP), corresponding to U Ga;In;Sn À U active O ¼ 0, where all available metal and activated oxygen atoms are incorporated into the film. After reaching the SP, U Ga;In;Sn À U active O > 0, the growth-rate decreases immediately instead of reaching a small plateau, as suggested in previous literature, 2,12 and reaches zero at a strong excess of metal flux. This behavior is due to the formation of volatile sub-oxides that can be inferred from the increase of the detected sub-oxide QMSsignal in Fig. 3 for the gallium-rich growth. In addition, Fig.  4 also shows that the proportionally increase of the oxide etch-rates are increasing with the metal flux in absence of oxygen flux. This implies that the metal impinging onto the already grown oxide layer decomposes the film, resulting in the reduction of the epilayer and decrease of its thickness. During this process, the resulting sub-oxide QMS-signal is also exemplarily shown in Fig. 3 in case of the Ga 2 O 3 layer. The epilayer could even be etched until the substrate was revealed, which was detected by a vanishing sub-oxide and increased Ga flux and by appearance of the streaky RHEED pattern of the sapphire in contrast to the spotty pattern of the rough oxide layer. The origin of the decrease in growth-rate was investigated systematically by comparing the growthrates in the oxygen-rich regime and the etch-rates. In the case of Ga 2 O 3 and In 2 O 3 , for a fixed metal flux, the etch-rate corresponds to the half of the growth-rate in the oxygen-rich regime, as depicted in Fig. 4 . Both materials show the same behavior due to their common metal to oxygen ratio, Me/ O ¼ 2/3 (Me ¼ Ga, In).
The 
respectively. Comparing the tin coefficient for growth and etching of the same amount of SnO 2 in Eqs. (4) and (5) gives the ratio 1Sn/1Sn ¼ 1. This means that the etch-rate can equal the growth-rate for the tin-limited regime, as we have also measured, see Fig. 4 . The responsible volatile sub-oxide is tin-monoxide (SnO) as already reported in Ref. 12 .
Our thermochemical calculations 26 confirm the feasibility of the etching reactions determined under the present MBE conditions, in qualitative agreement with published experimental equilibrium results. [13] [14] [15] [16] This favorable comparison indicates that reactions under non-equilibrium MBE conditions can have a tendency towards thermodynamic equilibrium.
In order to specify the metal flux at which the growth of the film stops, we analyzed the stoichiometries of the metal fluxes for the growth reaction in the case when no film is formed. These reactions for the Ga 2 O 3 
respectively. In the case of Ga 2 O 3 and In 2 O 3 , the comparison of the metal coefficients in Eqs.
(1) and (6) suggests that the layer growth cease at three times the stoichiometric flux due to complete formation of sub-oxides, i.e., at U Ga;In =U active O ¼ 3. For the growth of SnO 2 (Eqs. (4) and (7)), we found U Sn =U active O ¼ 2. Only for SnO 2 , these results are approximately reflected by our data, as shown in Fig. 4 . In the case of Me 2 O 3 , we tentatively explain the slower decreasing growth-rate by less or non activated oxygen species that can form the Me 2 O but no Me 2 O 3 compounds. This assumption is qualitatively supported by the observation of a decreased etch-rate when providing molecular oxygen during etching (not shown).
Finally, the oxidation efficiencies g ¼ U
active O
=U O for all three metals were estimated by evaluation at the SP, where all U active O is incorporated into the films: For the plasma powers used in our experiment, we found that g Sn ð300 WÞ ¼ 0:27 > g In ð200 WÞ ¼ 0:19 > g Ga ð300 WÞ ¼ 0:13. Assuming linear dependence of g with plasma power, we re-scale the oxidation efficiency of In to arrive at: g Sn % g In > g Ga for a fixed plasma power of 300 W. Further, studies may elucidate the metal oxidation efficiencies for the different oxygen species at play. Our summary and conclusion for oxide growth will be further discussed in the supplementary material.
